Introduction
The application of waste and effluents generated from livestock activities on agricultural soils may be an efficient method of promoting nutrient cycling, particularly for nitrogen, phosphorus and potassium. This practice allows the farmer to minimize the costs with conventional fertilizers and provides an alternative to the raw discharge of residues generated from extensive poultry, beef and pork productions, allowing soil and plants to be used as filters.
The excess of nutrients in the soil and water has become a problem in various regions in Brazil. The south region of Brazil produces in general 8.6 liters of waste (liquid and solid residues) by pork a day, depending on the productive phase. All that waste has to be applied on soil as an agricultural reuse to avoid direct pollution in the water bodies, since they do not receive proper treatment to be disposed (DARTORA et al., 1998) . Studies have reported the application of swine effluents in different soil conditions: on crops such as maize , soybean (MAGGI et al., 2011) , passion fruit (CRUZ et al., 2008) , beans DOBLINSKI et al., 2010) and lettuce (BAUMGARTNER et al., 2007) ; in natural grazing conditions (DURIGON et al., 2002; GATIBONI et al., 2008) ; with forage grasses (SMITH et al., 2007) ; and in no-tillage planting systems BERTOL et al., 2005; CERETTA et al., 2005) . Studies on the use of agricultural effluents in the cultivation of oilseed radish (Raphanus sativus L.) deserve attention, because it is an energetic crop that grows easily and can provide income to the farmers who might sell the seeds to biofuel production. The crop has been used in Brazil as a green manure for no-tillage planting systems during the winter. It provides large quantities of hay for notillage planting, has a considerable nutrient cycling capacity and acts as an excellent soil cover during the transition between maize and wheat (CALEGARI et al., 1993) . Ceretta et al. (2005) and Basso et al. (2005) have observed that oilseed radish, along with oats, is one of the crops with the least nonpoint source pollution potential, reducing percolation and surface runoff of nitrogen and phosphorus.
Furthermore, the introduction of biodiesel to the energy matrix in Brazil by mandatory blending of biofuels with mineral diesel oil (BRASIL, 2005) has opened new business opportunities for large and small farmers. Recently studied energy crops include soybean, coconut, castor bean, physic nut, palm oil, canola oil, babassu oil and cotton, among others. Oil levels in the oilseed radish seeds can vary between 30% (SILVA; FREITAS, 2008) and 54% (DOMINGOS et al., 2008) of the seed weight, higher than several of the crops mentioned above.
Therefore, there is great promise in the use of agricultural effluents on crops that promote the cycling of nutrients present in these effluents, which meet environmental concerns and energetic potential. Thus, the objective of this study was to evaluate the effects of the application of swine wastewater on oilseed radish on the parameters: physical and chemical soil properties; agronomic crop yield; accumulation of nutrients in the phytomass; and percolation and runoff of nutrients to water ponds.
Materials and Methods

Location, materials and experimental management
The trial was conducted in an experimental area at Cascavel city, in Brazil (24º53'S and 53º23'W) with an altitude of 682 m. The soil is classified as Rhodic Hapludox (SOIL SURVEY STAFF, 1999 ) and the climate is classified as mesothermic humid subtropical Cfa (Köppen). The average annual rainfall is 1,800 to 2,000 mm, the average temperature is 20 °C and the relative air humidity is between 75 and 80% (IAPAR, 2000) . Meteorological data (temperature and rainfall) were provided by the Paraná Meteorological System (Simepar) (Figure 1 ). The experimental area had 0.162 ha and was divided into three parcels of 540 m 2 each, representing three treatments defined by irrigation type: rainfed (T1), irrigated (T2) and fertigated with swine wastewater (SW) (T3). Three experimental field plots were established on 8-9% slope for treatment, which represented three repetitions measuring 12 x 15 m each (180 m 2 ). Two independent 15 m 3 reservoirs containing either water or SW were used for irrigation. The effluents and the water were distributed in the same amount onto the experimental area by a sprinkler irrigation system. The irrigation system installed over the parcels had a smaller spacing (6 x 12 m) than the parcels and consisted of a 6 CV motor-pump, 5.08 cm tubing and 16 Kadox (model IR-1612F) plastic full circle sprinklers with one nozzle and a flow of approximately 1,200 L h -1 . The experimental area was dried out using 20 L ha -1 glyphosate (Roundup) dose twenty days before crop sowing and cleaned by manual ploughing. The CATI AL 1000 oilseed radish cultivar was sown in May 2009 by throwing, with sowing density of 27 kg ha -1 .
Topdressing fertilizers were unnecessary and cultural treatments were not employed. The growing cycle of oilseed radish was approximately 125 days, and the harvest was manually collected using sickles. For evaluation of yield all the material in the plots was removed, the plant debris were airdried and the grains were separated manually.
Soil and effluent characterization
Soil sampling and chemical characterization were conducted before the experiment was installed (Table 1 ) and after the crop was in full bloom in the field (Table 2) , at a depth of 0-20 cm, according to methods described by Olsen and Sommers (1982) , Embrapa (1997) and Raij et al. (2001) .
Macroporosity (MAP), microporosity (MIP) and total porosity (TP) were analyzed by the tension table method, and soil bulk density (Ds) was analyzed by the volumetric ring method; samples were taken before (April/2009) and after setting up the experiment (November/2009), according to the methodology of Embrapa (1997) . Three undisturbed soil samples were collected in triplicate for each parcel, at depths of 0-10, 10-20 and 20-30 cm, for a total of 81 samples for each collection.
The SW was obtained from an effluent stabilization pond from the biodigester output in a pork farm with complete life cycle (from farrow to finish stage). Water and SW were applied at a dosage of 370 m 3 ha -1 for the entire cycle of the culture divided in five biweekly irrigations at 34, 49, 72, 87 and 101 days after sowing (DAS) ( Figure  1 ). The water and SW were analyzed according to the American Public Health Association (1998) ( Table 1) . Table 1 . Characterization of the soil before the experiment set up, water (T2) and SW (T3) applied. Table 2 . Chemical soil analysis after full bloom of oilseed radish crop in rainfed (T1), irrigated (T2) and fertilized with swine wastewater (T3) treatments. 
Biomass and agronomic indices
When the oilseed radish crop was in full bloom, a 0.16 m 2 quadrant was randomly thrown into the field, and three subsamples of plant materials in each plot were collected, resulting in nine repetitions per treatment. The following measures were taken: plant height (PH), root system length (RL), basal diameter (BD) and number of plants per area (m 2 ) (NP). In the laboratory, the root volume (RV) was determined by liquid displacement after immersing the root system in a graduated cylinder containing 70% water and 30% ethanol; the foliar area (FA) was determined by a gravimetric analysis (BENINCASA, 2003) . Shoot dry matter (SDM) and root dry matter (RDM) were obtained after drying in an air forced incubator at 60°C until constant mass was obtained.
Samples of the SDM were ground (10-mesh) to determine the concentrations of nutrient (N, P, K, Ca, Mg, S, Fe, Mn, Zn, Cu and B) (MALAVOLTA; VITTI; OLIVEIRA, 1997).
At the end of the oilseed radish growing cycle, 100 pods per repetition were counted to determine the number of grains per pod (NG). The grain productivity (GP) was evaluated after hulling the pods collected in each of the three 180 m 2 plots per treatment, correcting to 13% of humidity and the values were extrapolated to kg ha -1 .
Nutrient losses by runoff and percolation
There were three glass fiber drainage lysimeters in each plot of the study area, resulting in three lysimeters by treatment, with a capacity of 1 m 3 , depth of 1.10 m, diameter of 1.43 m and an area of 1.60 m 2 which were installed according to Aboukhaled, Alfaro and Smith (1986) . Briefly, the soil was excavated from the area and it was installed PVC tubes of 15 m length and 25 mm diameter on the bottom. A faucet was connected at the end of the PVC tube to control the percolated material, which was measured after every raining event.
Inside the lysimeter, a net was put over the draining whole to avoid clogging and 0.1 m of crushed stone was added to better drain the leachate. A polyester blanket was placed over the stones to separate it from the soil layers, which were put back in the upside order of the initial digging. Each soil layer was lightly compacted and all the lysimeters were daily irrigated in order to provide saturation and settling of the soil. Besides that, each lysimeter had a 10 cm edge over the soil and a whole connected to a faucet and a 5 L gallon to collect the runnof. Five collections of percolated (55, 67, 72, 98 and 118 DAS) were taken after one day of the precipitation events which occurred among 50-53, 59-65, 68-70, 90-97 and 112-116 DAS (Figure 1 ). The precipitation volumes were, respectively, 118.2, 28.8, 21.4, 55.2 and 49 mm. From these five samplings, the first, fourth and fifth were selected (55, 98 and 118 DAS, respectively) due to the higher precipitation volume and analyzed by the following parameters: pH, electrical conductivity (EC), Total Kjeldahl N, NO 3 -, P, K, Cu, Zn and Na (APHA, 1998) and quantification of the total volume percolated, which allowed to measure the nutrient losses. The overall schedule of the precipitations, percolated samplings and irrigations is represented in Figure 1 . There was only one sampling of runoff material (55 DAS) due to the level of precipitation that occurred (118.2 mm), and the same parameters determined for the percolated material were evaluated for this runoff sampling.
Data Analysis
The experimental design was completely randomized. The data were tested for normality and homoscedasticity of variances and, when necessary, were transformed by Box-Cox, used by Dal Bosco et al. (2008) and Ghafoor et al. (2011) . The data were analyzed using the analysis of variance (ANOVA) and the means were compared by a Scott-Knott test at 5% of probability.
Results and Discussion
Chemical and physical soil analysis
There were no significant effects of treatments on physical and chemical soil attributes. However, it is worth discussing several of the results obtained to address the environmental limits recommended by the environmental authority or determined in the literature.
The parameters TP and MAP were higher in the surface layer (0-10 cm) in all treatments, independently on the sampling time (before or after the crop cycle). However, the MIP increased as the soil depth increased. A comparison of samples taken before and after the experiment was installed revealed more changes in TP in treatment T3: the values increased by 8.44%, 3.02% and 3.00% in the layers 0-10, 10-20 and 20-30 cm respectively, from April to November. This increase in soil TP was most influenced by the increase in MAP, and it may be related to the nutrient supply from the SW for the plants and the consequent increase in RL and RV of the crop. According to Reinert et al. (2008) , greater root growth stimulates the formation of pores due to the intensification of humidity and drying cycles from the root exudates and the formation of aggregates by the action of the roots. The greatest changes in MIP, both before and after the oilseed radish crop, occurred in treatment T2, with the increase of 3.79%, 4.98% and 7.89% in the layers 0-10, 10-20 and 20-30 cm, respectively. Comparing the MAP of the first and second soil samplings revealed greater increase in the treatment that did not receive irrigation (T1): 3.00%, 19.00% and 18.00% for the first, second and third layers, respectively.
The lowest value of Ds was observed in the 0-10 cm layer (1.08 g cm -3 and 1.11 g cm -3 ), and the highest densities occurred in the subsurface layers (1.13 g cm -3 and 1.15 g cm -3 ). This lower density of the surface layer was also observed by Genro Júnior, Reinert e Reichert (2004) in an oxisol and could be related to the greater root density and higher organic matter contents in the topsoil.
From Tables 1 and 2 , it is possible to visualize the soil chemical analysis from before and after the experiment set up, respectively. The irrigations decreased soil pH, what may be explained by the liberation of hydrogen ions due to nitrification during the growing cycle of oilseed radish, since NO 2 and NO 3 concentrations were higher in the T2 and T3 treatments. However, the lower pH was not a problem for this crop, which presented higher yields in T2 and T2 treatments (Table 3) . Table 3 . Agronomic analysis and nutrients in shoots of oilseed radish crop in rainfed (T1), irrigated (T2) and fertilized with swine wastewater (T3) treatments. 
Agronomic parameters
GP SDM RDM FA NG T -----------------------kg ha -1 ----------------------- ----cm 2 ---- ----unit ---- T1NP T -----cm 3 ----- ---------------cm ---------------- ------m ------ ---unit m -2 --- T1
Nutrients in shoots
N P K Ca Mg S T -----------------------------------------------g kg -1 --------------------------------------------- T1
-----------------------------------------------mg kg -1 -----------------------------------------T1
424 The EC in soil was lower after sowing when compared to the beginning of the experiment, although it did not present a risk to the crop yield, according to Tomé Júnior (1997). The levels of P in the soil fall within medium to high levels for the most common crops in Brazil (soybean, maize, beans and wheat), ranging from 5.0 to 7.0 mg dm -3 (TOMÉ JÚNIOR, 1997; LANA et al., 2010) . The application of SW increased the available P in the 0-20 cm layer of soil from its initial concentration of 2.9 mg dm -3 .
The application of SW did not modify the chemical characteristics of the soil. However, there were considerable changes in pH, exchangeable acidity (H+Al), Al, K, Mg, m%, P, N total , NO 3 + NO 2 and inorganic N between the soil samples collected before and after the experiment.
Biomass, agronomic indices and nutrients in the shoots
The application of SW increased all values for production components, except FA, in comparison with the rainfed treatment (Table 3 ). Significant effects were observed for GP, NG, RV, BD and concentrations of N and Zn in the phytomass. The production of oilseed radish grains (66.270 to 115.59 kg ha -1 ) was less than expected (300 to 450 kg ha -1 ) (DERPSCH, 1992; CALEGARI et al., 1993) . The low grain yield in this study could be explained by the plant felling down (lodging) during intense precipitation and due to the frosts that occurred one month before the drying of the pods. However, irrigation benefited the GP, as seen by the 69.40% and 74.40% of increase in the treatments with water and SW, respectively, over the rainfed treatment. These results corroborate other studies in which there was an increase in grain production associated with the application of SW COSTA et al., 2007; CRUZ et al., 2008) .
In the treatment irrigated with water, DMS increased 27.50%. Crusciol et al. (2005) found a SDM yield of 2,938 kg ha -1 with the cultivar Selentina of oilseed radish when sowing was conducted over bean straw in an area with four years of no-tillage system. Lima et al. (2007) , studying the same cultivar used in this work observed a SDM production of 5,480 kg ha -1 . There were RDM increases of 44.40% and 48.50% in the plants cultivated with water and SW, respectively, compared to plants cultivated in the rainfed treatment. Higher values of RV were observed in T3 and T2 if compared with T1, which were directly associated with the higher production of RDM, showing the affect of irrigation in those treatments.
Regarding the concentration of nutrients in the plants treated with SW, a 41% increase of N was observed, but the other nutrients were not affected, suggesting that the SW applied adds more nutrients to the system than crop demands (DURIGON et al., 2002) , which might leachate. Calegari (1990) and Crusciol et al. (2005) found N values for oilseed radish crop of 19.69 g Kg -1 and 29.6 g Kg -1 , respectively, both lower than detected in T3. The higher level of N found in T3 treated plants highlights the ability of this species to recycle N and immobilize it as straw for further release to other crops. Oilseed radish may also be a valuable recycler of other nutrients, such as P and Mg, as the concentrations of these nutrients were greater than or equal to those found for other cultivars of oilseed radish and other species of cover plants such as vetch (Vicia sativa L.), black oats (Avena strigosa) and crotalaria (Crotalaria juncea) (GIACOMINI et al., 2003; MENEZES; LEANDRO, 2004; CRUSCIOL et al., 2005) . Table 4 shows that the application of SW increased EC, NO 3 -, total P, K and Mn in the surface runoff. Table 4 . Analysis of the runoff and percolated material during cultivation of oilseed radish crop in rainfed (T1), irrigated (T2) and fertilized with swine wastewater (T3) treatments. For runoff parameters, means followed by the same lower case letter in the column do not differ by Scott-Knott test, at 5% significance level. For percolation parameters, means followed by the same upper case letter between collections and lower case letter between treatments are not different by Scott-Knott test, at a 5% significance level. According to Mantovani, Bernando and Palaretti (2007) , the EC found in the runoff in all treatments fell within the low salinity class. In T2, the water level applied through irrigation may have caused a decrease in the EC of the runoff material, which would make the osmotic potential of the soil less negative and thus increase the availability of water.
Nutrient losses by runoff
There was greater concentration of NO 3 -in T3 due to the high concentration in SW, the effluent application on the top of the soil (without incorporation), and the intense rainfall that occurred one day after irrigation (Figure 1) . Furthermore, the higher concentrations of NO 3 -in the surface runoff from the soil that received SW might be associated with the hot and humid climatic conditions of the region, which favor the nitrification. Nitrogen usually has a great mobility in the soil especially in its NO 3 -form, which tends to leachate. However, in this study, the levels of both total N and NO 3 -in the runoff material for T3 was almost three times higher than the levels for T1 and T2, which deserve special attention. In accordance to Bertol et al. (2005) , it is required some cautions to keep the nutrient supply nearby the plants roots avoiding the NO 3 -transport to sensitive places, as water bodies.
P had a higher loss to water through surface runoff in T3, approximately 210% more than in T1 and T2. This singular loss was equivalent to 4.5% of the P applied to T3. It is worth noting the pollution potential of total P via surface runoff from the soil of the oilseed radish crop resulting from application of SW, especially with respect to the eutrophication of bodies of water.
The concentration of K ion was also higher to T3 than T1 and T2. Few authors have studied the effect of K on surface waters because it is found in a soluble form in manure, becomes available to plants shortly after applied and has a very short residual effect (DURIGON et al., 2002) . The element K, however, has great mobility in the soil and it can deslocate Na from the cation exchange capacity complex to the soil solution. Thus, high amounts of Na in the soil might reduce the water uptake by plant through the decrease of osmotic potential causing water stress and affect the plant growth and development.
Nutrient losses by percolation
There was a significant effect of treatment for EC, NO 3 -and Cu (Table 4) in the percolated samples.
The highest volume of percolation for all samplings occurred in T1, followed by T2 and T3, with the exception of the first collection, in which the volume of T3 was higher than that of T2 and lower than that of T1. This low volume of percolation observed in T3 and directly related to the precipitation volume (Figure 1 ) might be due to the action of SW in sealing the soil surface. The treatment may have obstructed the macro and micropores thereby reducing the infiltration rates (DAL BOSCO, 2007; BERTOL et al., 2005) . Another hypothesis for this observation is the manure hydrophobic effect (MORI, 2009 ). In addition, oilseed radish showed excellent agronomic characteristics in T3, with greater surface plant density, higher dry mass and grain production, development of more robust roots and more accentuated basal diameter than in the other treatments (Table 3 ). This development would have promoted increased rates of evapotranspiration and water absorption by the plants, reducing the volume of water that percolated through soil.
In the first collection, which followed the greatest precipitation event, 59% of the total precipitated volume was percolated in T1. In T2 and T3, the total precipitated volumes percolated were 25% and 34%, respectively. These differences among treatments suggest the possible impact of nonpoint source pollution through percolation on a larger scale, such as watershed (DAL BOSCO, 2007) .
According to Table 4 , there were significant differences in EC between the treatments in the fifth collection. Although, if it is considered the total volume of percolated material which was greater for T1 (Figure 1) , the total salt lost were 13.85 g, 7.24 g and 10.74 g for T1, T2 and T3 respectively, at the end of the crop cycle.
Total N was affect by treatments only in the first collection, in which T2 and T3 showed similar values, both higher than T1. During the fourth and fifth samplings, T1 and T2 showed similar N concentrations, likely due to the high initial concentrations of N in the soil (Tables 1 and 2 ). T3 presented a slight high amount of N compared to the others treatment, showing again the high mobility of the nutrient.
A significant difference in the concentrations of percolated NO 3 -was only observed in the fifth collection, in which the values found in T1 and T2 were similar and lower than in T3. However, the concentrations in all collections were less than the limit recommended by Brazilian standards for groundwater (BRASIL, 2008) , which is 10 mg L -1 . Basso et al. (2005) studying oilseed radish found approximately 17 mg L -1 of NO 3 -in percolated water after 14 days of applying SW to the soil, demonstrating high mobility of NO 3 -. The average of NO 3 -in the present study was approximately 4.3 mg L -1 and occurred in the fifth collection for treatment T3 (12 days after applying SW to the soil). However, Basso et al. (2005) conducted their study on a Paleudalf soil, in which the level of sand reaches 530 g kg -1
. Sandy soils or soils with higher concentrations of sand retain less NO 3 -because they have lower cation exchange capacity (CEC) due to the less silt, clay and organic matter content.
The total P in the percolated material (Table 4) demonstrates that the risk of P contamination is more prevalent in periods with more intense precipitation (first collection), independent of the SW application to the soil (QUINTON; CATT; HESS, 2001). The concentrations of P percolated are lower than 0.2 to 0.3 mg L -1 , cited by Basso et al. (2005) as critical for percolated water.
The Brazilian environmental authority has established maximum values of 0.1, 200, 0.1, 2.00 and 5.00 mg L -1 for Mn, Na, Cu and Zn, respectively, in groundwater for human consumption (BRASIL, 2008) . The values found in the present study do not pose a threat to human consumption, except Mn in the first collection. Overall, the application of SW did not accumulate Mn in the percolated material, which demonstrates that the greatest loss of nutrients occurred due to the higher intensity precipitation. Besides that, the soil presents naturally high Mn concentration, which can be mobilized mostly by high pH values.
It is worth noting that, for the first collection, precipitation occurred one day after fertigation (Figure 1 ), which could have contributed to the increase of the levels of P, K, Na, Cu, Zn and Mn in the percolated material. Bertol et al. (2005) explained that SW is likely to penetrate the soil and is less prone to removal and transport if more time elapses between fertigation and precipitation events. Furthermore, the greater absorption of nutrients by oilseed radish during the blooming phase, approximately 120 DAS (DERPSCH, 1992) , may also have influenced the lower amount of nutrients leached in the fourth and fifth samplings (98 and 118 DAS) relative to the first sampling (55 DAS).
Conclusions
The application of SW led to a greater agronomic quality of the oilseed radish crop (grain yield, root volume, basal volume and number of grains per pod) in comparison with the rainfed treatment. Over the long term, the generation of nonpoint source pollution in the environment due to effluent application must be considered (NO 3 -, P, K, Mn and total salts in surface runoff and NO 3 -, Na and Cu in percolated water). Moreover, the precipitation occurred one day after fertigation contributed to the increase of P, K, Na, Cu, Zn and Mn levels in the percolated material, indicating that is important to consider the management of the effluent disposed on soil. More researches might be done to study the affects of effluents in the quality of oil seeds to produce biofuel from oilseed radish crop. 
